Cat eye syndrome (CES) is caused by a gain of the proximal part of chromosome 22. Usually, a supernumerary marker chromosome is present, containing two extra copies of the chromosome 22q11.1q11.21 region. More sporadically, the gain is present intrachromosomally. The critical region for CES is currently estimated to be about 2.1 Mb and to contain at least 14 RefSeq genes. Gain of this region may cause ocular coloboma, preauricular, anorectal, urogenital and congenital heart malformations. We describe a family in which a 600 kb intrachromosomal triplication is present in at least three generations. The copy number alteration was detected using MLPA and further characterized with interphase and metaphase FISH and SNP-array. The amplified fragment is located in the distal part of the CES region. The family members show anal atresia and preauricular tags or pits, matching part of the phenotype of this syndrome. This finding suggests that amplification of the genes CECR2, SLC25A18 and ATP6V1E1, mapping within the critical region for CES, may be responsible for anorectal, renal and preauricular anomalies in patients with CES.
INTRODUCTION
Cat eye syndrome (CES) has a broad spectrum of clinical features. Most frequently found clinical features in diagnosed CES patients are preauricular tags or pits (81-87%), anorectal malformations (atresia, anterior placement) (73-81%), urogenital malformations (eg, unilateral absence of kidney) (71%), ocular coloboma (55-61%) and congenital heart anomalies (eg, anomalous pulmonary venous return, tetralogy of Fallot, persistence of the left superior vena cava, valve anomalies) (50-63%), 1 but none are necessarily present. 2, 3 Mental development is generally normal or near-normal [2] [3] [4] [5] and many other anomalies are described in a smaller number of patients. Only 41% of the patients show all three main visible anomalies (coloboma, anal anomalies and preauricular anomalies), which may indicate that CES is underdiagnosed. 2, 3 CES is caused by duplication or triplication of a part of chromosome 22. In most cases, a bisatellited small dicentric supernumerary chromosome is found, consisting of twice the chromosome 22pter to proximal 22q11.21 fragment, cytogenetically written as inv dup(22)(q11.21). 4, 5 Intrachromosomal duplication or triplication of the proximal 22q fragment can also give a similar phenotype with a partial or full spectrum of the clinical characteristics. No significant difference in severity of the syndrome is seen between patients with the partial trisomy variant, resulting from a duplication, or the partial tetrasomy variant, resulting from a triplication. [6] [7] [8] [9] Mosaicism of the supernumerary inv dup(22) chromosome has been reported several times, but the degree of mosaicism could not be correlated to severity of the phenotype. 2 Also inheritance of the supernumerary chromosome has been published. 5, 10 In several of these cases, family members have common phenotypic characteristics, but in other cases also family members show phenotypic variance ranging from milder to more severe phenotypes. Therefore, recurrence risk and phenotypic severity for offspring of a CES patient is difficult to predict. Considerable overlap can exist between CES and other syndromes with anal, auricular, heart and urogenital anomalies, such as Townes-Brocks syndrome (anal, auricular, heart and urogenital anomalies), caused by mutations in SALL1, oculoauriculovertebral spectrum/Goldenhar syndrome (ophthalmological, auricular, heart and renal anomalies) or VACTERL association (anal, heart and renal anomalies). These syndromes are also highly variable. 11 In this study, we report a SALL1-mutation negative, three-generation family in which four members carry a 600 kb intrachromosomal partial triplication of the CES region, causing a partial tetrasomy of the CES critical region. The amplified region is smaller than the currently accepted critical region. There is phenotypic variation in this family, but all carrier members show phenotypic overlap with CES. The influence of the amplified and non-amplified genes of the CES critical region to the phenotype in the reported patients is discussed. The presented data may contribute to the knowledge of gene-specific causality of CES features.
MATERIALS AND METHODS

Clinical evaluation of patient and family
The index patient was a newborn girl with vestibular anus and a preauricular ear pit at the left. Both the mother and the maternal grandmother had surgery for anal atresia and preauricular ear tags. The latter was also found in a brother of the mother who was known with and treated for idiopathic growth hormone deficiency and who had a unilateral kidney agenesis. A brother of the grandmother was known with 'Goldenhar' syndrome with deafness, facial asymmetry, microtia, absence of one auditory canal and was described as 'simple' . Another brother died neonatally and probably also had an anal anomaly ( Figure 1) .
None of the affected had congenital cardiac anomalies or was known with eye abnormalities. Ophthalmological examination was performed in the proband, her two brothers, her mother and the maternal grandmother. The granduncle with Goldenhar syndrome was not available for examination.
Cytogenetic and molecular evaluations
Chromosome analysis using GTG banding was performed on stimulated peripheral blood cultures of the index patient using standard methods. Extraction of DNA from peripheral blood cells of the investigated family members was performed according to standard techniques. MLPA was performed using the commercially available SALSA MLPA kit P250-B1 (MRC-Holland, Amsterdam, The Netherlands), containing probes specific to genomic regions that are most probably involved in Velocardiofacial syndrome, DiGeorge syndrome, 22q11.2 duplication syndrome, distal 22q11.2 deletion syndrome, 22q13.3 deletion syndrome and CES. The MLPA experiments were performed according to the manufacturer's instructions.
FISH analysis of the CES region was performed in the index patient with BAC clones RP11-155N18 and RP11-958H20, located in 22q11.1 and 22q11.1q11.21, respectively, and together covering about 470 kb of the CES critical region, 12, 13 including the genes CECR1, CECR2, CECR4, CECR5, CECR6 and IL17RA. FISH experiments were performed using standard procedures 14 with alphoid probe p190.22 as a control probe for centromere 22. 15 Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA) was performed in the index patient according to the manufacturer's protocols. Analysis of the data was performed using the Affymetrix software packages Genotyping Console (GTC) and Chromosome Analysis Suite (ChAS). The result was compared in silico with pooled data of 94 reference samples, consisting of in-house generated normal control samples.
RESULTS
Based on a clinical suspicion for a possible rearrangement of the CES region, MLPA screening of the index patient showed a partial gain of this 22q11 region. Three of the five probes specific for the area (ie, SLC25A18, BID and MICAL3) showed a gain of signal ratio, suggesting a copy number of four. The most proximal probe for the CES region in the kit (IL17RA) showed a normal ratio, as did the most distal probe for the region (USP18) and all other chromosome 22 probes distal to the three amplified probes (Figure 2a) .
Standard karyotyping followed the MLPA analysis to investigate whether the partial chromosome 22 amplification was caused by the presence of a supernumerary marker chromosome. GTG banding revealed a microscopically normal female karyotype in 10 metaphases.
Metaphase FISH analysis using two probes specific for the CES region showed specific signals only in band q11 of both chromosomes 22. In some of the metaphases, the RP11-958H20 signal seemed larger on one chromosome 22 than on the other homolog, but signals were not split (Figure 3b ). RP11-155N18 showed no clear difference in signal strength between both homologues.
Interphase FISH analysis, however, showed two copies of RP11-155N18 with different intensity in each nucleus, whereas 12 out of 30 nuclei showed a split signal of the larger of two signals for RP11-958H20 (Figure 3b Evaluation of other family members with phenotypic characteristics of CES using the 22q11 MLPA test showed inheritance of the amplification in four family members and three generations (Figure 1) , with similar size and signal ratio.
DISCUSSION
We describe four family members from three generations in whom an atypical gain of a part of the CES critical region was found using MLPA. The signal ratio of the aberrant probes indicated a tetrasomy of this part of chromosome 22 (Figure 2a) . Standard karyotyping excluded the presence of a supernumerary marker chromosome, usually found in CES. Metaphase FISH analysis excluded an insertion of the amplified fragment into another chromosome or chromosome region. Consequently, we concluded that there is a local amplification in one of the chromosomes 22. This was supported by interphase FISH results, because the larger of the two signals for probe RP11-958H20 was split in two in 12 out of 30 nuclei (Figure 3b) .
Using high-resolution SNP Array, we found that the amplification was confined to the distal part of the CES critical region and proved to be about 600 kb (Figure 2a) . The four signals, as could be expected in interphase FISH based on the MLPA and array results, were not observed, probably because of close physical proximity of the different copies on the aberrant chromosome 22. In about half of the investigated nuclei, three signals for BAC probe RP11-958H20 were Causal 600 kb triplication in the cat eye region J Knijnenburg et al
observed. There was a clear difference in intensity of the three signals, as shown in Figure 3b . BAC probe RP11-958H20 is located at the proximal end of the 600 kb amplified fragment. Therefore, we conclude not only that three copies of the fragment are present in the same locus of the aberrant chromosome 22, but also that the middle fragment is in inverted orientation compared with the flanking two, as Causal 600 kb triplication in the cat eye region J Knijnenburg et al proposed in Figure 3c . Consequently, this will lead to one separated signal and one combined, double signal. The fact that three copies of the 600 kb fragment are present on the same chromosome is also supported by the (autosomal dominant) inheritance pattern in the family (Figure 1 ). The currently accepted CES critical region is based on one patient with all cardinal features of CES caused by an atypical supernumerary ring chromosome 22. 13 This atypical supernumerary marker chromosome did not involve amplification of the directly distally located genes BCL2L13, BID and MICAL3 (Figure 2b) . However, these genes are amplified in the more frequently occurring standard type supernumerary marker chromosome in patients with CES. As the original patient described by Mears et al 13 died at 17 days of life, a contribution to physical and mental development of these distally located genes BCL2L13, BID and MICAL3 cannot be ruled out. 12 In the amplification found in the current family, six genes, CECR2, SLC25A18, ATP6V1E1, BCL2L13, BID and MICAL3 (latter only partially amplified), are involved. The family members carrying the intrachromosomal amplification have anal atresia (3 out of 4) and/or preauricular pits or tags (4 out of 4). As these congenital anomalies are frequently found in CES and as only three of the genes involved in our family overlap with the genes involved in the amplification reported by Mears et al 13 (CECR2, SLC25A18 and ATP6V1E1) (Figure 2b ), anal atresia and preauricular pits or tags may be caused by amplification and/or overexpression of one or more of these three genes. The same genes might also be responsible for the growth hormone deficiency and the unilateral kidney agenesis, as was seen in the uncle of the index patient, because short stature and kidney anomalies are also part of the phenotypic spectrum of CES. A CES patient with low serum growth hormone and hypogonadotrophic hypogonadism was reported before. 16 Additionally, we cannot rule out that even the deafness and the congenital facial anomalies in the granduncle of the index patient, earlier clinically diagnosed as Goldenhar syndrome, is caused by the same familial triplication. Unfortunately, the granduncle of the index patient refused further testing for possible carrier status. These genes could also be involved in other phenotypic features of CES that may be non-penetrant in this family.
Mutations in the gene CECR2 trigger dysregulation of mesenchymal or ectodermal transcription factors and the protein is described to contribute to neurogenesis and inner ear development. 17, 18 SLC25A18 catalyzes unidirectional transport of glutamate in the inner membranes of mitochondria. 19 ATP6V1E1 codes for the regulatory accessory subunit E of the vacuolar-type H(+)-ATPase, which is responsible for acidification of intracellular organelles and involved in hydrogen ion transport across the plasma membrane. Mutations in other subunits of the V-ATPase complex have shown to be involved in distal renal tubular acidosis and sensorineural deafness. 20 In conclusion, CECR2, SLC25A18 and ATP6V1E1 are strong candidate genes in causing anal atresia, preauricular pits or tags and kidney anomalies in the described family members and consequently in causing these frequent components of the CES phenotype spectrum.
